O 
O 

(N 



(N 
(N 



13 

o 
o 



> 

l> 
in 
m 
O 

O 

-i— > 



i 

c 

o 
o 



X 



Proximity and anomalous field-effect characteristics in double-wall carbon nanotubes 
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Proximity effect on field-effect characteristic (FEC) in double-wall carbon nanotubes (DWCNTs) 
is investigated. In a semiconductor-metal (S-M) DWCNT, the penetration of electron wavefunctions 
in the metallic shell to the semiconducting shell turns the original semiconducting tube into a metal 
with a non-zero local density of states at the Fermi level. By using a two-band tight-binding model 
on a ladder of two legs, it is demonstrated that anomalous FEC observed in so-called S-M type 
DWCNTs can be fully understood by the proximity effect of metallic phases. 



PACS numbers: 73.63.Fg, 73.63.-b, 73.20.At 

Introduction- Carbon nanotubes (CNTs) have at- 
tracted much attention in recent years because of their 
novel properties^ and potential applications in devices^ 
and wiring^ in nano and molecule electronics. The re- 
cent advance in technology allows the fabrication of both 
single wall carbon nanotubes (SWCNTs) and multi-wall 
carbon nanotubes (MWCNTs) with controllable diam- 
eters. Depending on its chiralitj*i, a SWCNT can be 
metallic or semiconducting. Various issues^ have been 
examined, including electronic transport 6 - 7 - 8 - 9-10 of dif- 
ferent types of CNTs. 

Very recently, field-effect transistors have been fab- 
ricated out of double-wall carbon nanotubes (DWC- 
NTs) which are the simplest MWCNTs. Field-effect 
characteristic (FEC), which is about how source-drain 
current I s d depends on gate voltage Vg, has been 
measuredii. Each DWCNT devices can experimentally 
be classified into one of three groups, corresponding to 
semiconductor-semiconductor (S-S), metal-metal (M-M) 
or metal-semiconductor (M-S), and semiconductor- metal 
(S-M) combinations of two shells of DWCNTs (the first 
symbol is for the outer shell and the second for the in- 
ner one). The S-S and M-M (or M-S) DWCNTs exhibit 
similar FEC as those of semiconducting and metallic 
SWCNTsi ., respectively. However, S-M DWCNT de- 
vices show FEC with distinct features from both of its 
metal and semiconductor counterparts. 1) In the neg- 
ative Vg region, on-off current ratio (I on /I ff) can be 
as large as 10 1 or even 10 2 . This is in contrast with no 
obvious switching characteristic for metallic tubes or or- 
der of 10 5 on-off ratio for semiconducting ones. 2) The 
gate-voltage dependence of source-drain current is not 
exponential in transition region from on to off states as 
one will expect from the orthodox semiconductor physics 
theory. 3) The transition region is much wider than that 
of usual semiconductors. 4) For positive Vg, it seems 
that free charges in the metallic tube may screen the 
outer shell from the gate effect, harmful to field-effect 
transistors. 

In this paper, we would like to attribute the anomalous 



FEC observed in the so-called S-M DWCNTs to the prox- 
imity effect of metallic phase, a general property of waves. 
A qualitative explanation of the anomalous FEC is pre- 
sented first. The penetration of electron wavefunctions 
in the inner metallic tube into the outer semiconduct- 
ing shell due to the inter-shell coupling generates local 
electron density of states (DOS) in the semiconducting 
tube in its original forbidden gap. Thus, new conducting 
channels are created in the gap, and the semiconducting 
tube becomes weakly conducting. The picture is veri- 
fied by modeling a DWCNT by a two-band tight-binding 
Hamiltonian on a ladder of two legs. The results capture 
the essential features of the observed FEC. 

Picture- Consider a S-M DWCNT under a gate volt- 
age Vq schematically shown in Fig^,, a source-drain bias 
V s d is applied between the two ends of the outer DWCNT 
shell. The inner and outer tubes are assumed to be metal- 
lic and semiconducting, respectively. Their energy band 
structures are like those of the right and the middle parts 
of FigQJ). Without an inter-shell coupling, the system 
consists of two independent tubes with their own energy 
bands. In the absence of the gate voltage, the DOS in 
the outer shell at the Fermi level is zero. Thus, electrons 
(holes) can move from the source to the drain through ei- 
ther the inner metallic shell by quantum tunneling or the 
outer-shell conduction (valence) band by thermal activa- 
tion. Both process contribute to the leakage current in 
field-effect transistors, and are small at low temperature 
with kT <C Eg. Applying a negative gate voltage, the 
top of the valence band will be pushed upward (shown 
by the big arrows in Fig. \^p) so that hole conduction 
will increase exponentially with the gate voltage, leading 
to the FEC of a usual semiconductor device. 

In reality, there is always an inter-shell coupling in 
a DWCNT. Electron states in two shells are hybridized 
with each other such that the local DOS of the two shells 
will be modified (the total DOS may not change much). 
For example, the local DOS of the outer semiconducting 
shell in its original energy gap becomes non-zero because 
inner-shell states in the energy range have certain prob- 
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FIG. 1: (a) Schematic experimental set-up of measuring FEC 
of a DWCNT. V s d and Vg are source-drain bias and gate volt- 
age, respectively. Ci and C2 are the capacitance between the 
gate and the DWCNT and that of the DWCNT itself. V T is 
the potential on the tube, (b) Schematic energy bands of the 
outer semiconducting shell (middle part) , and the conduction 
band of the inner metallic shell (right part). Ef is the Fermi 
level of the metallic leads. E c (E v ) is the bottom (top) of the 
conduction (valence) band and E g is the energy gap. The big 
arrows indicate the moving directions of E v under Vg- (c) 
The DOS in the outer shell without and with an inter-shell 
coupling which leads to a non-zero DOS in the gap region. 



ability to appear on the outer shell. The penetration of 
electron wavefunctions from the metallic shell into the 
semiconducting shell is called the proximity effect. For 
comparison, the DOS of the outer shell with and without 
inter-shell coupling are illustratively plotted in Fig^. Its 
value in the original gap region is sensitive to the energy 
barrier E — E v for the electrons in the inner shell, where 
E and E v are the electron energy and top of the valence 
band, respectively. This barrier can be controlled by the 
gate voltage Vg because E v is pushed upward under a 
negative Vg, resulting in the decrease in the barrier and 
increase in the local DOS of the outer shell. 

The appearance of DOS in the outer shell in the energy 
gap creates new electron conducting channels. At a small 
Vg and under a small V s d, all current can be carried by 
the local states in the outer shell, and there is no need to 
use the inner shell although the DOS there near the Fermi 
level is much greater than that in the outer one. This fea- 
ture has been observed in MWCNT^iSiii. The proximity 
effect, which becomes stronger and stronger as the gate 
voltage is more and more negative, turns the semicon- 
ducting outer shell into a weak metal. The gate-voltage 



dependence of this metallicity leads to the anomalous 
FEC in S-M DWCNTs. Since the origin of the anomaly 
is from the emergence of DOS in the outer shell in its 
gap region, the proximity effect is important only when 
the Fermi level lies in the gap, i.e. E v < Ep < E c . This 
explains the relative wide transition region, as well as the 
non-exponential dependence of I s d on Vq- 

Model- To put the above picture on a firm quantitative 
analysis, a S-M DWCNT is modeled by a two- leg ladder 
as shown in FigO One leg, say leg A, is used to model the 
inner metallic shell, and the other, leg B, is for the outer 
semiconducting shell. If the source-drain bias is not very 
large, then there is only one band from each shell rele- 
vant to electronic transport. Following the experimental 
situational, it is assumed that the semiconducting shell 
is originally p-doped so that its Fermi level is near the 
top of the valence band. However, it is trivial to general- 
ize the following discussion to an n-doped tube where the 
conduction band will be considered and the band bottom 
is slightly above the Fermi level. A tight-binding model 
is defined on the ladder with and ts (order of the shell 
bandwidths) being the hopping coefficients on leg A and 
B, respectively. The inter-shell coupling is described by 
inter-chain hopping coefficient t' . The Hamiltonian is 

a,i i 

(i) 

where a = A,B labels the legs, e a are the on-site ener- 
gies. c a i and c aj i are the creation and annihilation op- 
erators at site i of leg a, respectively. The Hamiltonian 
has two branches of eigen-energies, 



E±,k = -(ea+Eb) + (t a +t B ) cos k 



(2) 



±2 - eb) + Wa - t B ) cosfc] 2 + A\t'\ 2 . 

Without inter-chain coupling, i.e. t' = 0, the two 
branches correspond to two independent bands (width 
At a and Ats) centered at ea and Eb, respectively. In gen- 
eral, ea and eb depend on the gate voltage. However, 
Ea is less sensitive to Vq because DOS in the inner shell 
at the Fermi level is large, and any substantial change 
of ea results in a great accumulation of charge in the 
shell which will generate a large electric potential. This 
is also often called Fermi level pining (at large DOS). 
Therefore, the gate voltage applies mainly on the outer 
shell, and it is reasonable to assume a constant ea and 
cs = Uo — e(3Vo, where Uo is the initial on-site energy 
and /3 = C\j{C\ 4- C2) relates to the mutual capacitance 
C\ between the substrate and the DWCNT and the self- 
capacitance C2 of DWCNT as shown in Fig. For a 
given DWCNT (fixed C2), larger C\ means larger (3. (3 
increases as the substrate thickness decreases because C\ 
becomes bigger. This explains why I sc i under the same 
V s d is bigger with a thinner S1O2 layenii since a thin 
substrate is more effective in applying a gate voltage. 
Without losing generality, the Fermi level of the source 



3 



lead is set to zero. Model parameters are chosen so that 
E = is inside the energy band of leg-A but outside that 
of leg-B at V G = 0. 

B (Semiconducting shell) 



A (Metallic shell) 



B 



FIG. 2: A S-M DWCNT (top) is modeled by a two-leg ladder 
(bottom) on which a tight-binding model is defined. fA(is) is 
the hopping coefficient in leg A (B), and t' is the inter-chain 
hopping coefficient. 

As it was mentioned early, the important quantity is 
the DOS in leg B which can be evaluated by 



9s(E) = ± £ 



A=±.fe 



dE x , k 



dk 



Px,k, B S{Ex,k - E), (3) 



where P\ :k ,B = J2i B I^A,fe(i£r)| is the probability of find- 
ing an electron in leg B when it is in eigenstate ipx,k(x). 

Results and discussions- To have a better picture 
about how large the proximity effect is and to make 
a quantitative comparison with experimental data, the 
model parameters will be set as follows: t A = 0.75eV; 
t B = 0.3eV; e A = OeV; U Q = -MeV; f = 0.35eV&±i, 
corresponding to a typical subband width of leV ~ AeV 
of CNTs^i^, and the top of the valence band of the outer 
shell being about 0.05eV below E F at Vg = 0. Thus, 
Ep = is inside the band of leg-A. The inset of Figgis 
gsiE) as a function of energy E (in eV) at Vg — 0. The 
DOS in the energy range of -1.75eV < E < -0.13eV 
is the sum of the contribution from '-' branch of J2J|, 
a 1-D tight-binding model like, plus the proximity ef- 
fect contribution from '+ '-branch of J5J) in the range of 
— leV < E < —O.lSeV. Its typical value is of order 
of l/(eV-site). The non-zero DOS outside of this en- 
ergy range is completely from the proximity effect of '+'- 
branch of (J2J. The spikes are the van Hove singularities 
of the 1-D tight-binding model, a model-dependent fea- 
ture. 

FigEl is the local DOS g B {E F ) in leg-B at the Fermi 
level as a function of gate voltage Vg (in volts V) . The 
model parameters are the same as those in the inset of 
Fig. |3 and sb = Uq — eV G (/? = 1) is used for simplicity. 
For large Vg, the Fermi level is deep inside the original 
energy gap, and the value of gsiEp) is small, order of 
10 -3 (eV-site) -1 . The Fermi level approaches the top of 
valence band when Vg becomes negative. Near Vg = 
-0.13^, the DOS is order of lCT^eF-site) _1 , a order of 
10 2 change in electronic conduction as Vg varies. 

Under a small source-drain bias V s d, the current I s d is 
proportional to the local DOS on the outer shell at the 
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FIG. 3: The logarithm of gsiEp) vs. gate voltage Vg when 
eb = Uo — eVc is used. Inset: The logarithm of gs(-B) vs. E 
at V G = 0. 



Fermi level. Fig. 0] is the fitting curve of experimental 
FEC at temperature (292JiT)iiby g B (E F ) for V G > -5V, 
where proximity effect dominates the electron transport 
process. Here, it is interpreted that the top of the va- 
lence band touches the Fermi level at Vg — —5V in the 
experiment- 1 . Thus both of the states from the proxim- 
ity effect and from the orginal valence band particpated 
in the transport. This is why a reflexion point occurs in 
the experimental I s d curve at Vg = — 5V, and the present 
theory should only compare with the data for Vg > — 5V. 
In the figure, ea — £b = — Uq + (3eV G and I s d = V9B 
are used. The fitting parameters are t A — 0.95eV; 
t B = O.UeV; t' = 0A2eV; e A = 0.11; U a = -1.05eV; 
j3 = 0.025; and rj = 3.1/iA-eV '. These values are rea- 
sonable for CNTs, and it is surprising that these values 
can be obtained by fitting the experiments to such a sim- 
ple model. The fitting is not bad for I s d > 60nA. The 
deviation for I s d < 60nA can be attributed to the leak- 
age current or the gate-voltage dependence of j3 due to 
screening effect. It is not difficult to understand the devi- 
ation because the proximity effect does not take into ac- 
count the leakage current and the screening effect. The 
leakage current is very sensitive to the temperature as 
what have been observed in experimenliAi. 

lon/Ioff is sensitive to the temperature. At zero tem- 
perature, comes completely from the proximity ef- 
fect through the appearance of the local DOS in the outer 
shell in the gap region. Increase the temperature, an ex- 
tra current from electrons (holes) in the conduction (va- 
lence) band of the outer shell is added to I Q f j . This extra 
current could be comparable or even bigger than that of 
the proximity effect at high enough temperature. This 
extra leakage current will also add to I on , but it will be 
less important because of relative large current of I s d in 
the on-state. In general, this ratio decreases with the in- 
crease of the temperature, exactly as what was found in 
experimentsii. 
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FIG. 4: Fitting between the analytical form (solid line) of the 
local DOS in the outer (semiconducting) shell at Fermi level 
and the experimental data (Ref. 11) at 292 A". The saturated 
I 3 d (around 60nA) is interpreted as the leakage current. Good 
fit indicates applicability of the simple model. 

It should be emphasized that the anomalous FEC ob- 
served in S-M DWCNTs is not due to change of holes 
(or electrons in the conduction band of semiconductors) 
as that of usual semiconductor field-effect transistors un- 
der a gate voltage. Rather, it is due to change of DOS 
originated from the proximity effect at the Fermi level. 
Although the detail atomic and energy-band structures 
of DWCNT are neglected, the present model reveals the 
essential physics of the anomalous FEC of S-M DWC- 
NTs. It implies that the anomaly is a common feature 
of all S-M layered structures, not necessary for CNTs 
only. This is because the proximity effect is a general 
property of wave nature of particles, independent of sys- 
tem details. The proximity effect is not new. It is an 



important effect in superconductivity that has received 
intensive investigation. The Josephson tunneling is one 
of its manifestations. The difference of the proximity 
effect in superconductors and in DWCNTs is that the 
particles are Cooper pairs in the former and electrons in 
the latter. 

Electron-electron (e-e) interactions were neglected in 
this study. In general, c-c interactions are important in 
low temperature physics and for the narrow bands. For 
CNTs, the band width is quite large (order of 1 ~ AeV) 
so that the net e-e interaction may be reduced through 
screening. So far, most physics quantities measured in 
experiments have not shown the importance of the e-e 
interactions. Thus, it is safe to neglect the interaction 
for the anomalous FEC which was measured at 292K. 
However, the interaction may be very important for very 
low temperature physics and very small wires where the 
Luttinger liquid (non Fermi liquid) behavior will domi- 
nate eventually. 

Conclusion- The anomalous FECs in so-called S-M 
DWCNTs is explained in terms of one-electron energy 
band structure. The essential physics is the proximity ef- 
fect of electrons: The proximity effect creates local DOS 
in the gap region, resulting in new conduction channels 
in the semiconducting outer tube. The proximity effect 
is stronger and stronger when the Fermi level approaches 
the top (bottom) of the valence (conduction) band of the 
outer p-doped (n-doped) semiconducting tube. As a re- 
sult, the semiconducting outer tube becomes more and 
more metallic. 
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